In the present study, we have examined whether increased N-ANP (N-terminal pro-ANP) levels before and after surgery in patients with ASD (atrial septal defect) along with echocardiographic findings provide a better insight into the pathophysiology and increased morbidity and mortality following corrective surgery. Eighteen adult ASD patients (> 20 years of age; six male and 12 female) with shunts (Q p /Q s 2, where Q p /Q s is the pulmonary blood flow/systemic blood flow) had complete echocardiographic, clinical and laboratory parameters evaluated before and 6 months after surgery. Eight age-and sex-matched individuals (three male and five female) were enrolled as a control group. Blood samples for N-ANP analysis were obtained in both groups. N-ANP levels in the peripheral blood sample from ASD patients before surgery were significantly higher than those in the control group. In patients with ASD, mean N-ANP levels obtained from the pulmonary artery were significantly higher than that obtained from the peripheral vein. RA (right atrial) area, adjusted for body surface area, and RA long-axis and short-axis measurements were significantly higher in the patient group than the control group. N-ANP was correlated significantly with these parameters. Following corrective surgery, N-ANP values and RA area, RA long-axis and short-axis normalization decreased significantly and were accompanied by a decrease in systolic mean pulmonary artery pressure. N-ANP levels were normalized following septal closure in most patients, except in those with atrial fibrillation attacks following corrective surgery. In conclusion, we have shown correlations among variables indicating changes in the architecture of the right atrium along with temporal changes in ANP providing insights into the pathophysiology of post-operative atrial arrhythmias.
INTRODUCTION
ASD (atrial septal defect) is the most common form of congenital heart disease presenting in adulthood after bicuspid aortic valve and mitral valve prolapse [1, 2] . The true incidence, however, remains undetermined as it is often clinically silent. Therefore patients might present at a relatively late stage when pulmonary hypertension or atrial arrhythmias have occurred. Optimal treatment of ASD remains controversial. Closure of the defect either by surgery or transcatheter route in patients with significant shunts is indicated, irrespective of age at the time of diagnosis [3, 4] . However, patients operated on in childhood have a better survival rate and fewer complications than patients operated on in adulthood [4] .
ASD is frequently associated with atrial arrhythmias, especially AF (atrial fibrillation) [5] [6] [7] . AF is a common arrhythmia found in conjunction with ASD, particularly in adults, and is a significant cause of morbidity [5] [6] [7] . Although the incidence of AF increases with age, even in the general population [8] , the incidence of AF in patients with ASD is strikingly high even after surgical closure [9, 10] . Recently, it has been shown [11] that advanced age was the most important condition related to the presence of AF in patients with ASD both before and after surgical closure. On the other hand, surgical closure of ASD rarely eliminates chronic AF once it has persisted for more than a year [6] . The reason for recommending early surgical closure of ASD, in addition to prevention of cardiac failure and pulmonary hypertension, is to prevent atrial arrhythmias arising when the patient becomes older [6] [7] [8] .
ANP (atrial natriuretic peptide) is a peptide hormone containing 126 amino acids when synthesized as a prohormone. Upon release, it is cleaved into two parts, α-ANP (amino acids 99-126), which has specific receptors for binding with relatively short half-life in the plasma, and N-ANP (N-terminal pro-ANP; amino acids 1-98), which persists in the circulation for longer without significant fluctuation and, hence, better reflects chronic states [12] . ANP is stored and secreted in equimolar amounts by cardiac atrial myocytes upon atrial stretch, but also by the ventricles [12, 13] . Excessive amounts of the peptides are secreted into the circulation in congestive heart failure, congenital heart disease and valvular heart diseases [12, 14, 15] . ANP is cleared by enzymes, expressed widely in lungs, kidneys and the vascular wall, and also by clearance receptors [13] . ANP levels have been evaluated previously in patients with ASD [14] . Besides echocardiographic parameters, post-operative ANP values were evaluated separately in individual studies [16, 17] . However, increased ANP values before and after surgery along with echocardiographic findings might provide a better insight into pathophysiology and, hence, increased morbidity associated with atrial arrhythmias following corrective surgery.
In the present study, we evaluated patients diagnosed as having ASD in adulthood and measured N-ANP levels before and after surgical closure of the defect to search for temporal changes in these levels along with echocardiographic findings.
MATERIAL AND METHODS
We enrolled 18 adult patients (> 20 years of age; six male and 12 female) with ASD having shunts [Q p /Q s (pulmonary blood flow/systemic blood flow)] 2, who gave informed consent to participate in our study between August 2002 and May 2003. All patients were in sinus rhythm during the study, but some (n = 5) had a history of paroxysmal AF (PAF) demonstrated either by ECG or during Holter recording. This arrhythmic complaint actually enabled clinicians to diagnose ASD in those patients during evaluation. Hence we enrolled adult patients who had already experienced complications of ASD. All patients had significant left-to-right shunt (Q p / Q s 2) and secundum-type ASD without any other accompanying congenital heart disease, as demonstrated by echocardiography prior to hospitalization. Patients with more than mild mitral insufficiency, aortic insufficiency and those with any stenotic lesion on any of four valves were excluded. Patients with accompanying significant co-morbidities, such as chronic obstructive pulmonary disease, hepatic disease, renal disease, thyroid disease and significant coronary artery disease (> 50 % diameter stenosis), were not included. All patients were evaluated according to complete echocardiographic, electrocardiographic, clinical and laboratory parameters before surgery. Patients were followed up at least 6 months subsequent to corrective surgery (range, 6-12 months; mean, 8 months) at which time all measurements were repeated and any complaints recorded.
Eight age-and sex-matched volunteers (three male and five female), after obtaining informed consent, were enrolled as a control group and underwent similar blood sampling and echocardiographic examination.
All patients underwent cardiac catheterization before surgery. Since the stability of N-ANP both in vivo and in vitro is much better than α-ANP, N-ANP was evaluated [12] . Blood samples for N-ANP analysis were obtained, following supine rest, from a central vein and from the pulmonary artery during the initial phase of catheterization and levels were determined by ELISA (intra-assay variability, 6 %) following centrifugation. Following demonstration of ASD in the catheter laboratory with significant shunt (Q p /Q s 2), patients gave their informed consent and then underwent echocardiographic evaluation by an investigator blinded to the study.
In the echocardiographic evaluation, RA (right atrial) area and ellipsoid shell RV (right ventricular) volume were determined according to methods described previously [18] [19] [20] . In addition, systolic long axis of the RA, short axis of the RA, together with systolic RA area, were measured. RA measurements were obtained from twodimensional echocardiography, with the largest RA size at the end of RV systole. The dimensions of the right atrium were obtained from the apical four-chamber view recordings in the plane of the atrial septum (long axis) or perpendicular to this plane (short axis). The RA long axis was measured from the junction of the tricuspid valve and the ventricular septum to the RA roof; the RA short axis was measured as the maximal distance between the inner borders of the atrial septum and the free wall of the RA. RA area was measured by a method similar to that 14
of the RV area [19, 20] . The RA area and RV volume were indexed to body surface area. Colour Doppler evaluation was used to determine tricuspid regurgitation. sPAP (systolic pulmonary artery pressure) and mPAP (mean pulmonary artery pressure) were evaluated as defined previously [21] .
Statistical analysis
Data were analysed using the SPSS 10.0 for windows statistical package. Data are presented as means + − S.D. Differences in baseline characteristics between patients and controls were assessed using Student's t tests for continuous variables and χ 2 tests for binary variables. Temporal change of parametric data was evaluated by paired Student's t test. Correlations were evaluated by Pearson's correlation and Spearman's correlation, as indicated. Linear regression test was used to indicate independent parameters. All statistical tests were conducted at the 5 % significance level.
RESULTS
Mean age, mean LA (left atrial) diameter and EF (ejection fraction) in the patient and control groups were not significantly different (Table 1) . Some patients (n = 5) had a history of PAF, as demonstrated either by previous electrocardiography or Holter recording, whereas none of the control group had a similar history. These patients were older than other patients with ASD at the time of diagnosis (55 + − 10 compared with 37 + − 10 years of age; P = 0.005).
N-ANP levels were significantly higher in the peripheral blood samples from the patient group before surgery than in the control group (Table 1) . Mean N-ANP levels in blood obtained from the pulmonary artery were significantly higher than that obtained from peripheral vein (457 + − 108 compared with 338 + − 61 fmol/ ml; P < 0.001). RA area, adjusted for body surface area, mean values of RA long-axis and short-axis measurements and mean RV volume were significantly higher in the patient group than the controls (Table 1) . Mean Q p /Q s in the patient group was found to be 2.6 + − 0.5. N-ANP levels in peripheral blood samples were significantly and highly correlated with Q p /Q s (r = 0.810, P < 0.001), RA area (r = 0.874, P < 0.001; Figure 1 ), RA long axis (r = 0.847, P < 0.001; Figure 1 ), RA short axis (r = 0.854, P < 0.001; Figure 1 ) and sPAP (r = 0.772, P < 0.001) in the patient group. N-ANP levels in peripheral blood samples or in pulmonary artery blood samples were not correlated with RV volume or LA diameter in both groups. In addition, Q p /Q s was not correlated with RV volumes. On the other hand, NYHA (New York Heart Association) functional capacity was found to be correlated with N-ANP levels in the pulmonary artery blood samples in the patient group (r = 0.666, P = 0.003).
All patients underwent successful corrective surgery (three patients with teflon patch) and were followed up for at least 6 months. None required further medical therapy other than aspirin as a medication, used for more than 1 week, until the end of follow-up period. However, ten patients (Group 1A in Table 1 ) reported PAF attacks during follow-up, two with spontaneous conversion. Five of the patients with AF attack following surgery were those with AF attacks before surgery. The remaining eight patients were admitted to hospital and five reported cardioversion by drugs in the emergency room, three required transoesophageal evaluation due to late admission and were electrically cardioverted. Three patients reported recurrences and remissions then. ASD patients were classified according to presence of AF attacks during follow-up into two groups: Group 1A (those with AF attacks) and Group 1B (those without). Patients in Group 1A, compared with Group 1B, were older, had higher Q p /Q s , larger RA area, longer RA long axis, higher sPAP values and higher levels of N-ANP (Table 1) . Echocardiographic measurements after followup were found to be higher in Group 1A than Group 1B (Table 1 ).
Patients with ASD were then classified into two groups: those < 40 years of age at the time of diagnosis (Group 1C) and those 40 years of age (Group 1D). Significant differences between the two groups were observed in age (as expected), RA area and sPAP, and in RA area, RA long and short axis, sPAP and mPAP at follow up (Table 2) .
When evaluating the temporal change of parameters before and after surgery, significant changes were observed upon closure of the defect. In patients with ASD, N-ANP levels decreased significantly along with RA area, RA long-axis and short-axis normalization and an accompanying decrease in sPAP and mPAP measurements (Table 2 ). RV volume also exhibited a significant decrease (Table 2 ). However, in those with AF attacks during follow-up, the expected temporal changes were not observed in some parameters. In this group of patients, N-ANP measurements (367 + − 24 fmol/ml before surgery compared with 350 + − 6 fmol/ml after surgery; P = 0.066) and RA area (17 + − 1 cm 2 /m 2 before surgery compared with 16 + − 2 cm 2 /m 2 after surgery; P = 0.053) did not exhibit significant decreases.
When those parameters found to be significantly different in univariate analysis were enrolled into multivariate linear analysis according to occurrence of AF attacks during follow up, it was found that age at the time of diagnosis (β = 1.022, P = 0.005), pre-operative N-ANP in the peripheral blood sample (β = 0.5, P = 0.032) and RA area measurement before surgery (β = 1.317, P = 0.025) were independent predictors of atrial arrhythmias following corrective surgery.
DISCUSSION
ASD, a relatively common congenital heart disease, is a significant cause of morbidity and mortality in adults, mainly due to pulmonary hypertension and arrhythmogenic complications [9, 11] . AF is a frequent arrhythmia complicating the course of ASD [11] . The incidence of AF decreases following closure of the defect, but is more pronounced in younger patients [11] , and it also tends to persist in older patients at the time of intervention. The benefit of RV volume reduction is observed in patients with ASD, and is associated with a similar degree of reduction in PAP [16] . However, RA volume reduction might not accompany right ventricle and PAP reduction, leading to persistently increased RA sizes and increased ANP values in adult patients, thus leading to atrial arrhythmias.
α-ANP is a 28-amino-acid polypeptide with potent natriuretic and vasodilatory properties, which is produced mainly by atrial myocytes [13] . N-ANP, on the It has been shown previously [22] that ANP can be extracted while passing through the pulmonary circulation and, although the biological effects have not been identified, it probably has an effect of reducing pulmonary vascular tone. ANP is mainly produced by atrial myocytes, but also to some extent by ventricular myocytes in response to stretch [12, 23] .
In the present study, we have shown that, in patients with ASD, RA sizes were increased along with increased N-ANP levels in both the pulmonary artery and peripheral vein compared with the control group. However, no significant differences were observed in other variables, including EF, age and LA size. There was a significant correlation between these variables, including shunt size, in contrast with RV volume. Mean N-ANP values, obtained from the peripheral vein, were 16 % less than mean N-ANP values obtained from the pulmonary artery; findings in accordance with a previous study [22] . Interestingly, we found that N-ANP from the pulmonary artery was significantly correlated with functional capacity, indicating the possible role of ANP in the pulmonary circulation. In addition, the significance of the correlation was more notable between N-ANP from the pulmonary artery and Q p /Q s compared with N-ANP from the peripheral vein and shunt size.
In older patients with ASD, changes in atrial myocardium may be more prominent, because of longstanding pressure and volume overload, probably leading to permanent changes in the architecture of the atrial myocardium. Recently, it has been shown [11] that advancing age is the most important condition associated with the presence of AF in patients with ASD both before and after surgical closure. These workers [11] also noted that the development of this arrhythmia in adult patients with ASD occurred much earlier than in the general population. Occurrence of these arrhythmias was also associated with increased P wave dispersion, reflecting atrial inhomogeneity [23] .
In the present study, we have also shown that ASD patients with PAF during follow-up had significantly increased RA size and pulmonary pressures compared with those without PAF during follow-up. Those patients with PAF were older and had higher shunts. With regard to the temporal change of parameters evaluated, patients with AF paroxysms did not exhibit significant changes in RA area and N-ANP values compared with the whole group. Our results confirmed the previous findings [24] that the longer the duration of volume overload, the higher the frequency of AF and higher the pulmonary pressures. As the shunt and age increased, RA size increased along with a change in electrophysiological characters and pulmonary vascular changes, as reflected by further increases in pressure. These changes all probably lead to increased N-ANP release, which might simply be counterbalancing stretch or behaving as an arrhythmogenic substrate. Closure of the defect, on the other hand, leads to normalization of most of the parameters, despite persistently high levels in the specific group with AF attacks, who were older and had higher shunt ratios. In terms of parameters independently predicting AF attacks following closure of the defect, we have shown that age, RA area and N-ANP levels were independently associated with the occurrence of atrial arrhythmias.
Our present study was limited to adult ASD patients and, hence, it is not possible to generalize our findings to all patients with ASD. However, the time-dependent nature of volume overload, sooner or later, leads to these changes in the right atrium in the group with relatively late presentation, which is not uncommon in patients with ASD.
In conclusion, ASD in adult patients was found to be associated with increased RA size and was accompanied by increased N-ANP levels, probably due to longstanding atrial stretch, when compared with controls. Elevated plasma N-ANP levels normalized following closure in most patients, except in those with AF attacks after corrective surgery. In this group of patients, increased N-ANP might reflect an arrhythmogenic substrate, since its levels did not decrease in the expected way and, along with older age and larger RA area, was associated independently with increased risk for atrial arrhythmias. To our knowledge, we have demonstrated, for the first time, striking correlations among variables indicating changes in the architecture of the right atrium along with temporal changes in ANP in order to provide insights into the pathophysiology of post-operative atrial arrhythmias. Further studies on larger patient cohorts will be required to investigate this.
